We study the electro-magnetic feedback of the Advanced Virgo (AdV) Input Mirror Payload (IMP), in response to a slowly time-varying magnetic field. As the problem is not amenable to analytical solution, we employ and validate a finite element (FE) analysis approach. The FE model is built to represent as faithfully as possible the real object and it has been validated by comparison with experimental measurements. The intent is to estimate the induced currents and the magnetic field in the neighbourhood of the payload. The procedure found 21 equivalent electrical configurations that are compatible with the measurements. These have been used to compute the magnetic noise contribution to the total AdV strain noise. At the current stage of development AdV seems to be unaffected by magnetic noise, but we foresee a non-negligible coupling once AdV reaches the design sensitivity.
I. INTRODUCTION
The Advanced Virgo experiment (AdV) [1, 2] , hosted by the European Gravitational Observatory (EGO) in Cascina (Pisa), is a Michelson-like laser interferometer endowed with two 3 km long Fabry-Pérot resonant cavities and 4 suspended mirror test masses. Its purpose is the detection of GravitationalWaves (GW) of astrophysical and cosmological origin, whose existence was theorized by Einstein at the dawn of the twentieth century and carried out in the General Relativity (GR) theory of gravitation.
The first detection occurred on September 14, 2015 [3] , when a transient signal produced by the coalescence of two stellar mass black holes was pinpointed from the two advanced Laser Interferometer Gravitational-Wave Observatory (aLIGO) detectors [4] . From that moment on, several other events were observed and, on August 14, 2017, AdV detected its first binary black hole signal [5] . Just three days later, the first Gravitational-Wave event from the merger of a binary neutron-star system was observed [6] , followed, less than two seconds after the merger, by a gamma-ray burst, giving birth to true multi-messenger astronomy [7] .
At this stage AdV can observe a volume of universe 30 times bigger than that accessible to Virgo+, which was the previous detector configuration [8] . This was made possible by increasing the sensitivity, with the drawback that new noise sources became relevant. In the range of frequency of 10÷100 Hz, one of the limiting noises could be due to the magnetic coupling through the coil-magnet pairs used as actuators in payloads, to actively control the mirror test masses fine positioning. The payloads are the mechanical assemblies that suspend the mirrors and other ancillary components, including the actuation devices.
Such a coupling was already observed during the first Virgo Scientific Run (VSR1 -2008), when the substitution of the magnets with five times smaller ones reduced the magnetic noise contribution to the sensitivity [9] .
This coupling also accounts for the correlated magnetic noise from Schumann resonances, which threatens to contaminate the observation of a Stochastic Gravitational-Wave Background (SGWB) in interferometric detectors [10] . We measured Schumann resonances with good resolution both at Virgo site and in the surrounding countryside. For now we reached a good level of subtraction of this correlated noise between magnetometers on different continents, thanks to Wiener filtering [11] . The issue is still open, as the first estimation of the magnetic coupling effect had a large uncertainty [12] .
In this work we study the magnetic coupling and its impact on the detector sensitivity. We do this with Finite Element (FE) simulations and measurements of the magnetic response of a complex conductive object (the payload) immersed in a slowly time-varying magnetic field. We probed the electromagnetic response of the payload with different field configurations, in order to study its properties. This procedure is akin to the identification of unknown objects (e.g. unexploded buried devices [13, 14] ), which is achieved through the study of scattered electromagnetic waves (radars). Another example is the study of conductive materials using Non-Destructive Techniques (NDT) based on eddy currents testing [15] : the presence of a defect is highlighted by a change in the eddy current path from a reference standard. Since the area surrounding the payload is crowded of instrumentation, this approach is the suitable one to identify potential major sources of electromagnetic disturbance.
Our work has the slightly different goal to determine the magnetic field around the volume of a complex, composite object by FE simulations, for every external magnetic field conditions. To do this we need to find the detailed electrical properties and the eddy currents flow in a situation where we lack a reference standard and the analytical solution is not trivial.
The procedure consists of 3 steps: the construction of the FE model (section 5), its validation (section 6) and the magnetic response estimation in the Virgo experiment magnetic environment (section 7). The model has to be as close as possible to the real system, even though its complexity makes it hard to design and it can significantly increase the solving time. The necessary simplifications were validated by comparing the simulation results with measurements in a test condition where we applied a user generated external magnetic field.
II. THE ADVANCED VIRGO PAYLOADS
The object of our investigation is the AdV payload, consisting of two suspension stages, one hanging the Marionette and another hanging the test mass (mirror) and the related Actuator Cage [16] . The payload is suspended to the last stage of the socalled Virgo Superattenuator, which is a series of six vertical and six horizontal passive mechanical filters ( Figure 1a ). The overall system is designed to suppress by many orders of magnitude the seismic vibrations, starting from a few Hz [17] . The typical configuration of the payload is showed in Figure 1b . The main structures close to the magnets are the actuator Cage, the Marionette and a set of ring-shaped components surrounding the mirror (Baffles, Ring Heater, Compensation Plates -CP, etc...). The Cage is directly connected to the last stage of the Superattenuator through the Coil Disk. It also supports the set of driving coils that act on a total of 8 permanent magnets (Sm 2 Co 17 magnets of 1 T, 8 mm in diameter and 4 mm thick) glued on the Marionette [2] . The magnetic mount of the 8 actuators have horizontal and vertical orientation, configured to be anti-parallel. This coil-magnet system steers the payload in three degrees of freedom: the translation along the beam (roll) and the rotations (pitch and yaw) around the other two orthogonal axes. Starting from this general structure, each suspension chain is optimized in different ways so that we have 4 different types of payload (e.g. the Input Mirror Payload -IMP -in Figure 1b ).
Other four coil-magnet pairs act directly on the mirror, with the magnets (properties in Table I ) glued in a cross anti-parallel configuration (Figure 2b ). Expectedly they are the most effective in injecting electromagnetic disturbances into the interferometer. Indeed these magnets are not only sensitive to the magnetic field produced by the driving coils but also to any (noisy) external magnetic gradient. While the anti-parallel configuration of all the magnets located on both Marionette and mirrors should be insensitive to any contribution that is spatially uniform, asymmetries due to a distinctive field-structure can produce a net total force, causing a displacement noise. In addition the magnetic forces act on the mirror directly, bypassing all the seismic isolation provided by the suspension system. 
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III. MAGNETIC COUPLING TO THE PAYLOADS
Since each non-uniform magnetic field can interact with the magnets, the environmental magnetic noise must be taken into account. This environmental disturbance can be expressed as a superposition of different magnetic contributions deriving both from several known point sources and unknown ones. In the estimation of the magnetic noise, we considered only this environmental component because it is assumed that there are no direct magnetic sources nearby the payload. Under this hypothesis, the contribution of this noise to the AdV noise budget is relevant only in the low frequency range because at high frequencies (roughly above 150 Hz) the interferometer sensitivity is dominated by other contributions while the environmental magnetic field continues to decrease in intensity, as it is filtered out by the metallic enclosure which surrounds the payload.
A magnetic field acts on a permanent magnet causing the following two effects: (i) translational force associated to the magnetic gradient: F = ∇(µ · B), were µ is the magnet's magnetic moment; (ii) torque produced by the magnetic force: τ = F × r. Actually we should talk about two distinct components of torque: one related to the mirror and the other related to each single magnet. However, on point-like magnet approximation, we neglect the second contribution, especially because the magnets are glued on the mirror and the whole system is treated as a rigid body.
In Advanced Virgo, all the magnets used for the mirrors actuation have approximately the same magnetic moment, directed along the beam propagation direction (i.e. z). The force on each magnet can be written as F z = µ(∂B/∂z), so the total force on the mirror is simply the sum of the forces on the four magnets. In the ideal situation in which the four magnets have exactly the same magnetic moment and if the magnetic field gradient is the same on each magnet, the anti-parallel cross configuration should guarantee a null force on the mirror. In the real-world case, µ has a tolerance of about 15% around the nominal value and the magnetic field gradient spatial symmetry is not guaranteed. Therefore the total force on each mirror can be significant and it is moved away from its rest position, mimicking a gravitational wave signal.
A possible cause of gradient non-uniformity is the interaction between an external field and the metallic structure of the payload. This structure couples with any time-varying magnetic field, generating eddy currents, which in turns warp the field and produce a gradient. The magnetic coupling is described by the FaradayNeumann-Lenz's law, according to which a time variation of a magnetic flux induces an electromotive force which generates eddy currents in a closed conductive path (electrical circuit). Eddy currents arise in a stationary conductor from either a time-varying magnetic field or a relative motion between the conductor and the magnetic field source. For a conductive, single-turn coil (radius r and resistance R) in a spatially uniform, time-varying magnetic field (B = B 0 cos(ωt)), the induced eddy currents arisen in it have amplitude:
The magnetic field produced by the eddy currents along the axis of the coil at distance z is:
This field reacts back to its source, thus modifying the environmental field itself, particularly in the neighbourhood of the coil.
We investigate the magnetic coupling to the payloads and estimate its noise contribution, which is compared to the AdV design sensitivity in order to evaluate potential limits. This work focuses only on the magnetic response of AdV IMP, mainly because -together with the End Mirror Payload (EMP) -it is the most sensitive to magnetic coupling. The reason is that the four corresponding mirrors constitute the two FabryPérot cavities, and each change on their positions is amplified by a factor equal to the finesse of the cavity.
We now study the magnetic field surrounding a conductive object immersed in an external time-varying field. We are interested in the warping of the external field due to the eddy currents and the presence of local gradients. The study of the magnetic response of an object is a classical problem where analytical solution exist only for very simple geometries. In general, direct measurements are also impractical if the goal is to know the magnetic field in each point of a volume. The typical approach is to use a numerical solution and in particular Finite Element (FE) analysis. This technique uses the FE approach which allows to find approximate solutions for partial differential equations to boundary value problems. This method is based on the subdivision of a big domain in small elements joined by nodes (mesh).
IV. SYSTEM MODELLING
The AdV payloads are very complex objects consisting of several parts (ten main parts; volume of about 1.2 m 3 ) of different materials that are assembled by bolts, weldings or screws.
This geometrical and material complexity can be difficult to implement in a FE analysis software due to the high number of details. This can affect the results in terms of software issues (e.g. the 3D CAD drawing import) and FE convergence. The most striking difficulty comes from the meshing of largely different geometries: components having high geometric ratios (i.e. large and thin surfaces) makes the meshing procedure a delicate step. Strong mesh inhomogeneities can affect solution convergence and stability, not to mention excessive solution time and memory usage. We chose to use the COMSOL Multiphysics FE analysis simulation software [18] and the AC-DC module for the computation of our time-varying magnetic field studies.
Building the geometry from sketches can be very difficult, therefore it was imported through the COMSOL CAD Module. Because CAD drawings are made for machining tools, most features and details are a nuisance for FE analysis (Figure 3a) .
The first step consists in de-featuring, that is repairing and prune all entities (lines, surfaces and volume domains) that are not correctly recognized as volumes by the Import Module, or that are irrelevant for the simulation. Then we applied two layers of abstraction to the model, both for the sake of mesh simplification (hence simulation time). The first layer deals with critical entities on which a meshing algorithm often does not converge ( Figure 3b ). These entities include screw holes, bolts, very small features, threadings, etc. The second layer targets mesh simplification at a higher level, trying to reduce the solving time: each volume domain was examined and possibly replaced with the sketched version of itself (Figure 3c ). In the end the simplified model was validated against the original drawing.
A subtle but significant problem lies in how parts are assembled. When simulating two adjacent metallic domains (i.e. in close physical contact), the software implicitly assumes electrical conductivity between them. In practice though, when two metallic parts are assembled without welding, the electrical contact can be impaired by a thin insulating film (e.g. oxides, contaminants, reaction products), which introduces an energy barrier that can limit the current flow [19, 20] . Another important factor affecting the contact behaviour is the surface topography, whose levels of roughness are associated with small metal-metal contact spots, called "a-spots". When the current passes through those "a-spots", that are smaller than the real surface contact, the electrical resistance increases, since the current lines are forced to go through these bottlenecks. Depending on the thickness of the barrier, electrons may not have enough energy to tunnel across it. In particular, eddy currents are very feeble and therefore they are especially susceptible to energy barriers. The conductivity across two surfaces in electric contact is determined by several factors: the type of material, the surface finishing and the pressure applied between the two surfaces. We designed and built a simple model, which experimentally verified that the force applied to keep two aluminium surfaces in contact (i.e. by means of a screw) can dramatically impact the eddy currents flow. Results show that -from the point of view of eddy currents -we can pass from an open to a closed circuit just by tightening a screw, while the system is in clear electrical contact all the time if measured by a standard Ohm-meter. This simple experiment prompted us to consider each connection among the metallic parts of a composite object as a two-state system (open-closed) in order to take into account the unknown state of the surfaces and the applied pressure.
The subdivision of a complex object such as the payload into disjointed parts, parametrizing the conductivity at the level of each mechanical connection p as 1 or 0, would require a large number of simulations (2 p ). Therefore a procedure based on hierarchical analysis was employed to assign probable relevant contact points in the payload assembly. The hierarchical approach allowed us to place as many connections as needed and to define the parts that can be sketched in the FE model in order to reduce computational time and mesh complexity. The hierarchical decomposition (in form of a decision tree) uses a cost function (metric) to discriminate between the branches to be pruned. Eventually this analysis showed that the disks and rings in the lower part of the payload are the most relevant from the electromagnetic point of view.
Overall, we found p = 7 main connections to which a different material could be associated. These volumes were inserted in correspondence of the real mechanical connections (screws and bolts), as presented in Figure 4 and they were modelled in COMSOL using material sheets of air (insulation) or aluminium (same material as the bulk).
Since the goal of this analysis is to correctly estimate the magnetic field and its gradient nearby the mirror magnets, the metric used in the hierarchical decomposition was based on the magnetic field fluctuations inside the volumes modelled around them. We used these notions to guide us through the assembly decomposition so that entities with no or little effect were eligible for simplification in the model. This analysis showed that the Baffle Holder, initially engineered as an open ring, had such a relevant impact on the magnetic gradient to prompt a re-design of the system. Similarly, the closure of the mirror Coil Disk reduced the magnetic field gradient among the magnets position and after this study the real component was substituted with a closed ring.
The payload assembly is made by different materials: mainly aluminium, steel and titanium. In the FE analysis though we modelled only the aluminium components, as they are the most relevant ones in terms of number of parts and they have the highest conductivity, 3.03·10 7 S/m, compared to 1.4 · 10 6 S/m for steel and 0.6 · 10 6 S/m for titanium.
Meshing the model is a delicate step during which all the elemental volumes are generated. Generally, a balanced and fine mesh leads to better and more stable solutions. Due to the highly irregular geometries, a free mesh made of tetrahedral elements was chosen for the payload (Figure 3d ) and the air volume up to the infinite elements, while volumes around the mirror magnets, instead, were meshed with a more refined swept quadrangular elements distribution. The total number of elements in the mesh turned out to be about 7 · 10 5 . The model was embedded in a uniform magnetic field, sinusoidally varying at frequency f = ω/2π. The solving time for one simulation (at fixed f ) on a dedicated workstation equipped with a 32 GB RAM and a 8 cores CPU, is about 1.5 hour. 
V. MODEL VALIDATION
Up to this point the FE model could be used in principle to compute the magnetic field and the gradient at the magnets position under any driving external field, but we still have to determine the electrical connection states among the parts of the assembly. From the hierarchical analysis we have found 7 significant points of connections, each free to assume two states: connected (1) or not connected (0), that is 2 7 = 128 possible models. Therefore we have to find out which of the 128 models represents the real payload at best. This step is called validation and it requires the comparison with an experimental measure under known conditions. In addition, model validation is also necessary to tune the geometrical simplification and the uncertainties on the material properties.
The validation procedure requires an accurate setup, where the driving magnetic field and the geometrical properties are well under control, so that discrepancies between the simulation and the measurements can be assigned to the model assumptions.
A. Experimental set-up
We built a driving system with two coils ("Big" and "Small", with an external radius of respectively 1.040 ± 0.001 m and 0.540 ± 0.001 m) and a structural PVC cubic frame that aligns them with the payload (Figure 5 ).
The coils are made of a 100 turns copper wire with a diameter of 0.95 ± 0.02 mm. The payload was housed between the coils and two gridded panels with several reading slots, where we can insert a magnetic probe: this is the triaxial magnetic field sensor FL3-100 by Stefan Mayer Instruments with intrinsic noise < 20 pT/ √ Hz at 1 Hz and a measurement range of ±100 µT. The slots are geometrically tailored to the probe in order to minimize positional errors and allows a rather dense mapping of the magnetic field. Some of the holes are bigger so that a probe-holder rod can be inserted to make spot measurements inside the volume of the payload. A picture is provided as supplementary material ( Figure S1 ). The two coils allow us to generate spatially different field configurations and therefore get a more accurate validation. They can be independently driven by an AC current generator (CoCo80 by Crystal Instruments) coupled to a linear amplifier (BAA 120 by TIRA). The cubic frame was placed in the Virgo Central Building (CEB), in a class 100 clean room under the input towers ( Figure 6 ). We ensured that there were no significant metallic objects in a radius of ≈ 2 m around the apparatus.
B. Reference measurements
We began our study with the "zero" measure, that is a set of reference measurements to study the contribution of the surrounding environment and the cubic frame alignment. The measurements were done using the experimental setup without the payload inside it. Occasionally the amplifier exhibited a small drift from the nominal value of 1 A, which was taken into account in the post processing analysis by performing a current optimization. The three components of the magnetic field were measured on a set of 65 holes for each panel.
At the same time we simulated the structural frame and the coils. The PVC frame is transparent to magnetic fields, allowing us to consider only two materials in the simulation: copper for the coil windings and "air" for the remaining parts. The magnetic field was calculated in correspondence of the measurement points in all the explored configurations. Finally we compared the experimental and simulated data by minimizing the relative difference function m k , with k = [1, number of measuring points], between the measured and the simulated magnetic field value over the input current:
where c is the optimization parameter. Measurements and simulation were found to agree within ≈ 5%, after the current optimization. Looking at the data (Figure 7 ), we assess that the distribution of the relative differences is close to zero for both the "Big" and "Small" Coil configurations and at both 33 Hz and 333 Hz.
FIG. 7.
Box-plot of the distributions of the relative errors between the measured and the simulated magnetic field, among all the measured positions, for both coils and two injected frequency. The red horizontal line is the median value while the bottom and top edges of the blue boxes indicate the 25th and 75th percentiles, respectively. The whiskers extend up to 1.5 of the box range and the outliers are plotted individually using single red dots.
Moreover the notch extremes of the boxes do overlap and hence the medians of the four measures are compatible with each other at the 5% significance level.
This comparison shows no significant bias and accounts for all the possible influences to the magnetic field due to nearby objects, electronics and all the environmental components that could not be expected and simulated.
C. Input Mirror Payload measurement
The entire procedure was repeated with the IMP inside the frame. The payload was kept in place by a support structure with an aluminium base and four steel legs (Figure 8a) . The payload was laser-aligned with the coil axis (estimated accuracy of 1 cm) and measurements were taken both in correspondence of the two gridded panels and with the help of the extension rod, to get as close as possible to the payload assembly.
The FE model represents the whole set involved in the measurements (coils, PVC frame, payload and its supporting structure), simplified by disregarding all non-influential components (Figure 8b ). The analysis focused on all the examined configurations: two different coils and frequencies, with the current fixed at the nominal value of 1 A peak-to-peak. The validation phase has to identify which is the electrical configuration in the FE model that best represents the real payload. Clearly it is impractical to simulate all the possible 128 configurations for each optimization step. A possible approach would be to simulate only the 7 conditions (the diagonal matrix of the connections) where just one connection is closed and all the others are open. Then, we could find the best approximation to the measurements by linear combination of the diagonal solutions. Unfortunately, the superposition principle does not apply to solutions with eddy currents. In order to solve this issue we resorted to the Design of Experiment (DoE) technique [21, 22] combined with an heuristic algorithm of minimum search.
The DoE approach considers the system under scrutiny as a black box, where only categorical inputs and continuous outputs are measurable. It provides a general rule for dealing with inputs and outputs in order to estimate the system behaviour. We followed the Plackett-Burman implementation [23] , which uses, as inputs, the rows of the Hadamard matrix, a square matrix whose entries are only +1 and -1 (or 1 and 0) and whose rows are mutually orthogonal. Such design allows to sample the parameter space reducing the number of tests to perform, but taking into account as many interactions as possible. In addition it approaches the problem without the necessity to define the kind of interaction in the system. That is exactly what we need, since the different electrical configurations of the payload are not independent due to the fact that the current flow changes very much with the connections and the magnetic effect cannot be calculated as a superposition.
In addition, an heuristic optimization procedure was adapted to a discrete parameter space, as each connection can assume only the value 1 or 0. The cost function to be minimized is identical to Equation 3 , but with c = 1. We remind that B sim = B This procedure is iterated until all the parameters are fixed, defining the temporary best configuration. A refinement step looks around the final outcome and allows to check a parameter space subset surrounding the best configuration: all the configurations that differs from the best one by two parameters are tested.
At the end of the optimization procedure we tested 56 configurations out of the possible 128. For each configuration, the cost function in Equation 3 consists of a set of values calculated on the 120 positions were the magnetic probe was placed. All the configurations were sorted according to both the 75% percentile and the median of their distribution. The use of the 75% percentile is a conservative choice to select the configurations whose distribution has a low relative error for the majority of positions. To avoid degeneracy in the configurations, the optimization was carried out using two magnetic field sources ("Big" and "Small" coils). Thus we made less likely that two or more configurations could yield to the same measure results. While the heuristic minimization does not guarantee to reach the global minimum, we are though looking for a solution set whose relative error is below 10%.
Eventually, this procedure identified 21 statistically equivalent configurations that can represent the real object: the equivalence was defined by using the non-parametric KolmogorovSmirnov test, applied to the sorted distribution versus the best one. Since all these configurations are statistically equivalent, all of them have to be considered in the evaluation of the magnetic noise contribution to the Advanced Virgo sensitivity. The agreement between measurements and simulations, considering all the 21 equivalent configurations, is presented in Table II , where also the reference case at 33 Hz is reported once more for comparison. The standard deviation in Table II includes the uncertainties on the modelling, the optimization process, the experimental measurements and possible environmental influences. More specifically the FEM involves 3 kinds of uncertainties: one due to the simplification of the geometrical structure as compared with the real object, one linked to the tolerance of the solution (defined by the software to be 1 o / oo ) and one related to the mesh construction (≈ 0.03%). Moreover the hierarchical decomposition process introduces other uncertainties, since not all the real electrical connections of the payload were taken into account. Finally the surrounding environment may introduce experimental errors and biases, which are also present in the reference ("zero") measurement.
VI. MAGNETIC STRAIN NOISE
Within a frequency domain representation, a force F acting on one interferometer mirror displaces it, along the laser beam propagation direction (namely z), by ∆L = F/(Mω 2 ), where M is the mirror mass (kg) and ω = 2π f is the frequency in rad/s. The associated strain noise in the detector is:
where L 0 = 3000 m is the interferometer arm length. According to Section III, the total h due to the payload magnetic coupling is the sum of a translational term with a rotational one. Assuming linear superposition of the force on the single magnets and considering that the magnetic forces acting on the mirrors are uncorrelated over long range, so that the sum over the 4 mirrors is treated as incoherent, the term associated to the translational force is:
with M = 42 kg the mass of the AdV mirrors [2] which compose the two 3 km long Fabry-Pérot cavities and f the frequency. On each j-th mirror the magnetic force is the sum of the forces on each i-th magnet. Considering that all the magnetic moments are directed along the z direction and that they are constant, the translational magnetic contribution is reduced to:
where B z is the magnetic field component along z. Even though the environmental magnetic field is spatially uniform, the gradient is generated by the electro-magnetic interaction of the magnetic field with the payload. Moreover, as the force is directed along z, only two kind of torques exist: τ x and τ y . Considering F j z , with j = [1, 4] , the magnetic forces on the four magnets (as defined in Figure 2b ), we have:
where x and y are the components of the magnet position vector or, in other words, the force's application point relative to the mirror centre mass. Hence the rotational contribution to the strain is:
where I xx and I yy are the moments of inertia of the mirror and D is the laser misalignment from the centre of mass of the mirror (assumed the same for all mirrors). Finally we can compute the total magnetic strain noise, considering the same contribution on each mirror:
with F, τ x and τ y respectively the total force and torques calculated on each mirror. Furthermore the inertia moments were considered equal (I xx = I yy = I) and the beam was taken off centred by D = 1 mm, as a very conservative estimate.
A. Environmental magnetic field measurement
The estimation of the contribution to the h sensitivity curve was done considering a measurement (carried out in August 2017) of the environmental magnetic field inside the three experimental Virgo buildings: the Central Building (CEB), where the two input mirrors are located, and the two end buildings (North End Building -NEB; West End Building -WEB), which host the two end mirrors.
However the magnetic field inside the experimental areas is continuously monitored with multiple magnetic probes, along the three orthogonal directions. These are part of a distributed network counting several slow and fast environmental sensors whose task is to keep the noise level under control [24] . For each building, we computed the magnitude of the magnetic field vector (Figure 9 ).
Finally we have to account for the filtering effect produced by the vacuum tight steel tank that surrounds each suspension system, which acts as a first order low pass filter (with a recently measured cut-off frequency of f 0 = 5 Hz) on the magnetic field that we measured in the building environment outside of the vacuum. Thus our estimate of the equivalent B env at the mirrors is
This value is used to scale the magnetic force (the torques) calculated from the FE simulations, which were computed with a uniform environmental magnetic field of 1 T.
B. Evaluation of the magnets magnetic moment and positioning accuracy
Because of the magnets layout described in Figure 2b , the total net force on the mirror is null. In practice, neither the total force nor the total torque are null due to non-ideal conditions: (i) dis-homogeneity of the B field across the mirror area; (ii) dis-homogeneity of the magnetic moments because of small differences in the magnets strength or in their orientation in the gluing phase; (iii) magnets position uncertainty. The last two effects were computed with Monte Carlo computational algorithms, with respect to the payload structure. The first Monte Carlo method was used to extract the magnetic moment value from a normal distribution centred on the nominal value µ = 2.20 mA × m 2 , with σ µ the accuracy provided by the manufacturer (15% of the nominal value), so σ µ = 0.33 mA × m 2 . We assumed σ µ to be an absolute error (σ µ = δµ). The contribution to the net total force (the forces on the four mirrors are summed incoherently) is:
The second Monte Carlo simulation allows to extract randomly the position of each magnet within a cubic volume of 2 mm per side, centred around its nominal position, with a flat random distribution. An uncertainty in the magnets position (δx) reflects also on the gradient sensed by the magnets, so that we can similarly write:
this time at fixed µ. These two steps allowed us to calculate both the magnetic gradient and the force.
C. Magnetic gradient calculation
The FE model of the payload was placed in a uniform magnetic field B = 1 T directed along the x, y and z axis alternately. We observed though that the main contribution to the gradient came from B z . We created small volumes (2 × 2 × 2 mm 3 ) around the nominal position of each magnets, which were meshed much finer than the remaining geometry, in order to improve the computation accuracy. The magnetic field gradient was computed in each point of the meshed volume using a finite difference method, for each of the four magnets on the mirror, for each of the 21 equivalent configurations found in the validation step and as a function of frequency. We also took into account the magnets position uncertainty previously evaluated.
D. Force calculation
From equation (6) we see that force calculation requires knowledge of both the magnetic gradient and the magnetic moment µ. Three different case studies were considered in the Monte Carlo simulations: one takes into account both the contributions of the magnetic moment tolerance and the position error, while the other two, study the effect of each single uncertainty. The two individual contributions (∆x and δµ) turns out to be approximately equivalent and hence it is necessary to optimize both of them. We present in Figure 10 coming from magnetic moment and magnet position uncertainties, as mean values and confidence levels as function of the frequency. We notice that, within the frequency range of interest, from 10 to 100 Hz, the magnetic force level remains almost constant around 2 mN. Up until now, the force calculation was carried out with a spatially uniform 1 T driving field. The actual force values, instead, depend on the real environmental magnetic field (see section VI A), which will be considered in the magnetic noise estimation.
E. Magnetic noise estimation
In Figure 11a we show the estimation of the magnetic contribution to the AdV strain noise, calculated by multiplying h magn in equation (10) by the real magnetic field spectrum of equation (11) .
The translational force contribution (blue line) has a dominant effect on both rotational ones (red and green lines). By comparing our estimate with the most recent projected sensitivity curves for the future interferometer sensitivity upgrade stages, we see that magnetic noise could be mildly interfering with the sensitivity only at the latest design target. However the magnetic background baseline stands at one order of magnitude or more below the best sensitivity limit.
Nevertheless, when we consider the impact of the electrical configurations, the expected noise might get close enough to the design to be of some concern. The three trends displayed in Figure 11b are built by considering the 21 equivalent configurations (blue line), the four configurations resulting from the intersection of "Big" and "Small" Coil measurements (red line) and finally the one with all the electrical connections closed (green line). This variability underlines the importance of a more detailed validation phase (with a better understanding of the possible electrical connections in the payload structure) and the need for a further mitigation of the driving environmental B field.
VII. DISCUSSION
The validation step had the goal to define the electric configuration of the payload and the agreement between the simulated and the measured field was found to be within 5%. This value is the current limit of the FEM model in representing the real payload and it is due to all the uncertainties and errors present in simulations and in experimental step.
The hierarchical and simplification steps are a reasonable heuristic approach to a problem with this complexity. Yet, these steps could have introduced further uncertainties, hence the need for further refinement and study of different decompositions. Moreover, the steel and titanium parts of the payload were neglected in the simulation, assured by the fact that they have an electrical conductivity which is approximately 20 ÷ 30 times less than that of aluminium.
Forces and displacements were calculated supposing a uniform environmental magnetic field in the area around the vacuum chambers. This assumption is almost surely not verified in the real conditions. The only practical way to test the simulation forecasts is to measure the transfer function during AdV working conditions (i.e. during the commissioning phase).
The displacement produced by the force on the mirrors is related to all the forces acting on the four mirrors of the two Fabry-Pérot cavities, which are incoherently summed and regarded as equal on each mirror. These assumption stems from the close similarity among the IMP and the EMP (the main difference is in the compensation plate, which is present only in the IMP).
The optimization process based on recursive Hadamard matrices was first tested with Monte Carlo simulations on complex polynomial functions. These showed that the optimization algorithm finds the global minimum in ≥ 99% of cases.
Still, we cannot demonstrate that optimization over the payload electrical configurations found the global minimum without a exhaustive exploration of the parameter space.
The magnetic contribution to the Advanced Virgo sensitivity is not expected to have an impact on the initial data takings (2017) (2018) (2019) . Nevertheless, at a few single frequencies, the noise is higher than the desired level of safety drafted by the collaboration for technical noises (≤ 0.1 of the incoherent sum of fundamental noises). If these simulations are confirmed by experimental data, this would suggest the need to plan further mitigation strategies so that the expected contribution of the magnetic noise approaches the desired limit. For instance, past mitigation actions carried out on initial Virgo (2009), dealt with reduced mirror magnets size (and thus magnetic moment by a factor 5) and power cable routing optimization [25] . Furthermore, as direct consequence of this work, the design of the payload was optimized in order to be compliant with requirements of low magnetic coupling materials and to minimize gradients and shorten eddy currents paths: for instance, the arms holding the magnets are in peek, an Ultra-High Vacuum (UHV) compatible plastic. Though there are still residual local dis-homogeneities in magnetic field gradients and uncertainty in magnet position and size.
VIII. CONCLUSIONS
The sensitivity of the upgraded gravitational interferometer Advanced Virgo is limited by different kind of noises. In the low frequency range, we focused on the noise associated to the coupling between the environmental magnetic field and the payloads. Any time-varying magnetic field interacts with the metallic structure of the payload to produce local gradients, which exert forces on the four magnets glued on the mirror. These can induce a worsening of the intrinsic displacement noise of the detector and, in the presence of high magnetic transients, create a glitch, which can be misinterpreted as a GW signal.
In order to understand the contribution of the magnetic noise, we studied the magnetic response of the payload to a given environmental field. Since a direct measurement of the induced field is impractical, we had to use FE simulations.
Several steps were performed on the system in order to reduce the solution time and simplify the meshing procedure. Then, an optimization procedure based on DoE techniques was developed to find the optimal electric configuration of the payload.
The magnetic field gradient was calculated taking into account magnetic moment and magnet position dishomogeneities. Monte Carlo simulations were used to compute the total force on the mirror as a function of the magnetic moment tolerance and of the magnet position error, with respect to the payload structure.
The strain noise contribution was estimated for both translational and rotational forces and it was compared with the AdV sensitivity curve. Results suggest that the magnetic noise contribution to the strain is not dramatic for the time being, while it will possibly be an issue when the detector will approach its final stage design sensitivity and beyond it. For this reason we are already working on performing further measurements to refine the analysis and compare it to measurements in the actual AdV working conditions.
SUPPLEMENTARY MATERIAL
See supplementary material for a clearer view of the magnetic probe holder.
